Abstract. High-resolution optical observations by the University of Calgary Portable Auroral Imager show a frequent occurrence of asymmetric multiple small-scale auroral arc structures during auroral substorms. Whereas the classical multiple arc array tends to exhibit a fairly symmetrical configuration, with parallel motions within individual discrete arcs being opposite in direction across the center of the arc array, the multiple arcs to be discussed herein are distinguished by the presence of discrete arcs strictly equatorward of the two bright counter-streaming arcs that would ordinarily define the center of the arc array. The intensity of these parallel equatorward-lying arcs were in most cases found to decrease rapidly in the equatorward direction. By considering the topology of the structures and the spacing between arcs, observations are found to be consistent with recent theories suggesting inertial Alfvén waves as a possible cause of fine-scale auroral arcs.
Introduction
There are a number of spatial scales associated with the latitudinal extent of visible auroral phenomena. The spatial scale of the phenomenon to be discussed herein corresponds to that of the "small-scale arcs" of Hallinan and Davis [1970] , also termed "breakup arcs" by Goertz [1981] . This is the smallest-known spatial scale in the visible aurora, on the order of 100 m-resolved only by a high-resolution imager carefully aligned to the direction of the local magnetic field. Remarkably, auroral fine-scale structures are still largely unexplained [Borovsky, 1995] .
Fine-scale auroral arcs frequently appear as closely-spaced arrays, or multiple arc systems. When the individual arcs comprising a multiple arc exhibit sufficient internal structure to allow imaging instrumentation to detect parallel motions, such motions are invariably found to be opposite in direction across the center of the arc array, with drifts being westward south of the multiple arc center and eastward north of the center. Figure 1a (after Davis [1978] ) depicts this symmetric situation. For convenience, a labeling scheme for the discrete arcs comprising a multiple arc system has here been introduced. The greek letter zeta (ζ) is used, with arcs north of the multiple arc center labeled using positive subscripts (ζ+1, ζ+2, ...), subscript increasing in value in the poleward direction. Similarly, negative subscripts of ζ denote arcs south of the center (ζ−1, ζ−2, ...), the absolute value of the subscript inCopyright 1997 by the American Geophysical Union.
Paper number 97GL52855. 0094-8534/97/97GL-52855$05.00 creasing in the equatorward direction. The middle arc in the figure of Davis [1978] -the arc with no apparent internal drift motion-is here named ζ0.
During winter 1995 and 1997 field trips to Rabbit Lake, Saskatchewan, Canada, the University of Calgary Portable Auroral Imager (PAI) observed during substorms several instances of a highly asymmetric version of the above described "classic" multiple arc system. The common feature of these asymmetric systems was the absence of arc ζ0 as well as all arcs north of ζ+1, typically accompanied by a decrease in arc emission rates away from ζ−1 in the equatorward direction. Arcs equatorward of ζ−1 will hereafter be referred to as "secondary arcs," without necessarily having made any inferences as to their origin or relationship to the "primary arcs," ζ+1 and ζ−1. The situation is illustrated in Figure 1b . It is considered significant that the opposite configuration, i.e., secondary arcs occurring on the poleward side instead of on the equatorward side, never was observed. Some characteristics of these systems will be reviewed, and possible causative mechanisms will be considered.
Observations
The PAI project is aimed at providing high temporal and spatial resolution optical measurements of auroral phenomena. The imager is described in more detail in Trondsen and Cogger [1997] . Its field of view during the campaigns considered here was 7.4
• by 5.5
• , yielding a spatial resolution of about 100 m at 105 km altitude. The image integration time was 17 ms. No optical filtering was performed. Figure 2 shows an example of an asymmetric multiple arc system event. This particular event was observed on February 27, 1995, at 0718 UT. The arc system was roughly geomagnetic east-west aligned, with secondary arcs on the equatorward side. The wide northernmost "arc" seen in the picture is in actual fact the counter-streaming arcs ζ+1 and ζ−1, both of considerable height extent, seen at an off-zenith observation angle. This is evident from viewing the original video footage. In this particular case, secondary arcs out to ζ−3 were seen. These secondary arcs appeared to have a more limited height extent than ζ+1-ζ−1, a trait common to all observed events. Table 1 lists some characteristics of the 22 such asymmetric multiple arc events that were observed. An altitude of auroral emissions of 105 km has here been assumed.
The column labeled n indicates the subscript of the southernmost arc of the event (ζn). It is possible that in some cases the finite extent of the field of view was a factor in limiting the number of secondary arcs that could be counted. The imager's restricted ability to resolve discrete features under Columns are date, time, the ζ-index n (see text) of the southernmost arc of the event, arc spacing, approximate arc width, the equatorward drift speed of the arc system, and the parallel drift speed of features embedded within main arcs. An altitude of emission of 105 km has been assumed. low-contrast conditions (<1 kR features on an airglow background), may also have constituted a limitation.
The next column shows the spacing between arcs within each observed multiple arc system. The counter-streaming curtains ζ+1 and ζ−1 were usually subject to fairly violent motions involving the formation of "curls" [Hallinan and Davis, 1970] along arcs, making the measurement of arc separations and widths difficult. Measuring the distances between
The relative motion between closely spaced auroral arcs comprising the "classic" multiple arc as seen looking anti-parallel to the magnetic field [Davis, 1978] . (b) The configuration and relative motion of the asymmetric multiple arc events discussed in this paper.
ζ−2, ζ−3, and ζ−4, as they drifted through the magnetic zenith, was more easily accomplished owing to less spatial distortions. Secondary arcs appeared evenly spaced within each event, the measured distances constituting column four of Table 1 . The resulting histogram is shown in Figure 3a . The mean value was 1.5 km. Whenever it was possible to estimate the distance between the secondary arc ζ−2 and the distorted main arc ζ−1, it was found to be somewhat larger than the distance between secondary arcs.
Secondary arcs within each event appeared to have similar widths. The fifth column of Table 1 lists the measured widths of such arcs as seen in, or near, the magnetic zenith. These widths are presented in the form of a histogram in Figure 3b . The mean secondary arc width was about 650 m. Although it was hard to define the widths of main arcs, the general impression was that these were broader in extent than secondary arcs.
The quantity in the sixth column of Table 1 is the estimated perpendicular (equatorward) speed of the multiple arc system relative to the camera field of view. The average speed was about 500 m/s. This data is also shown in the histogram of Figure 3c .
The speed of motions parallel to ζ+1 and ζ−1, shown in the last column of the table, could only be determined for about half of the events observed. These were found to be distributed in the range 5-70 km/s, with a mean value of approximately 20 km/s. Such apparent velocities were measured using easily identifiable structures within the arcs. Motions were consistently eastward for ζ+1 and westward for ζ−1. No marked increase in the westward drift speed within secondary arcs with distance away from ζ−1 was identified, although a lack of discrete features within secondary arcs generally prohibited the accurate measurement and comparison of such motions.
From looking at Figure 2 it might be argued that the asymmetric nature of these arc systems could be due simply to perspective effects, in that (a) a corresponding set of secondary arcs might exist north of ζ+1, though obscured by the off-zenith ζ+1-ζ−1 system, and (b) the decrease in arc intensity as one moves equatorward away from ζ−1 might be due to the fact that, in the present case, ζ−2 is almost exactly in the zenith, while ζ−3 is somewhat equatorward of zenith. As to the first objection, while it is true that one cannot preclude the existence of secondary arcs north of ζ+1 at the time of the snapshot, it is also true that any such arcs consistently vanished prior to ζ+1-ζ−1 drifting sufficiently equatorward to allow visual inspection. As to the second objection, during the course of the 22 observed events, many of which were drifting, a variety of configurations of asymmetric multiple arc systems with respect to the local zenith were observed with this particular intensity characteristic surviving throughout, suggesting that the often observed intensity decrease in the equatorward direction is indeed real.
However, such perspective effects, as well as the spatial deformations commonly occurring on auroral arcs, did prohibit a sound assessment of simultaneous arc intensities across the arc system. Arc intensity ratios appeared to vary considerably from event to event, from cases with a very rapid decrease in arc intensity in the equatorward direction, such as in the event of Figure 2 , to cases involving a barely perceptible decrease in arc intensity beyond ζ−2.
Discussion
There have been a number of speculations that Alfvén waves might be the source of some auroral arcs and structures. Here we shall consider three scenarios: multiple reflections of Alfvén waves from a moving source [Lysak, 1985] , electron inertia conics [Stasiewicz et al., 1997] , and mode conversion in standing Alfvén waves or field line resonances (FLRs) [Samson et al., 1996; Wei et al., 1994; Streltsov and Lotko, 1996] . To a first order the observational features which must be explained are the predictable asymmetry of the auroral arc structures, the extremely linear topology of the arcs, the spacing of the arcs, and the apparent equatorward propagation of the arcs. The moving magnetospheric source model with multiple ionospheric reflections developed by Lysak [1985] requires the a priori assumption of a localized source of magnetospheric Alfvén waves. Furthermore, this model makes no predictions of asymmetry in the formation of the arcs, or of arc spacing. The electron inertia conic model of Stasiewicz et al. [1997] requires the a priori assumption of the existence of strong localized current channels which radiates dispersive inertial Alfvén waves, with "cone-shaped" propagation structures formed by these waves. Single resonance cones cannot explain the linear topology of our asymmetric arcs structures, and so a second a priori assumption of a spatially uniform, thin current sheet is required for the conic model. Furthermore, the dispersive cones are rotationally symmetric indicating that no spatial asymmetry is commonly expected for conic sources, including arcs produced from sheet currents.
There have been a number of speculations that shear Alfvén waves might be associated with auroral arcs [e.g., Goertz, 1984] . One manifestation of these shear Alfvén waves are the ULF (1-4 mHz) FLRs which have been suggested as the source for some types of auroral arcs [Samson et al., 1996] . The FLR model is in a sense somewhat more complete than some other models in that the field aligned current sheets and field topologies evolve as a natural consequence of the absorption of energy in the resonance layer, and need not be assumed a priori. Furthermore, nonlinear ponderomotive forces in the FLR can produce density cavities at the altitude of the accelerator region [Rankin et al., 1995] . If these shear Alfvén waves have a latitudinal scale size of the order of several electron inertia lengths, λe = (me/µ0ne
2 ) 1/2 , or less, then mode conversion to inertial Alfvén waves might take place [Goertz, 1984; Wei et al., 1994; Streltsov and Lotko, 1996] . Figure 4 shows a plot of the mapped separation (dashed) of auroral arcs along a field line with an ionospheric latitude of 66
• , along with the calcu- [Borovsky, 1993] . Note that the mapped arc separations first cross the calculated electron inertia length between 2 and 3 RE . Altitudes of 2-3 RE above the auroral ionosphere are the most likely regions for mode conversion to occur.
To describe the mode conversion configuration for inertial Alfvén waves, we have used the very simple model outlined in Goertz [1994] . First we note that if we are looking at mode conversion at low altitudes, the process is intrinsically asymmetric and the inertial Alfvén waves propagate in the direction of decreasing density or increasing Alfvén velocity. Following Goertz [1984] , assuming a gradient with a scale size 1/K in the x direction we obtain the equation for the perpendicular electric field
This mode conversion equation is an Airy differential equation, the solution of which is of the general type shown in Figure 5 . A comparison of Figure 5 and Figure 2 emphasizes the similarities of the asymmetric topologies of the discrete arcs and the mode conversion electric fields. The wavelengths near the position of the resonance are given by λx ≈ (3π) 
Using Equation (2) and the measured arcs separations of 1 to 2 km we estimate that the spatial scale size of the perpendicular density gradient, 1/K, in the accelerator region is less than 1 km if the density in the accelerator region is given by the profile in Figure 4 , ranging to about 4-5 km if the densities are ten times those plotted in Figure 4 . These numbers are comparable to the scale sizes of gradients in some observed density cavities [Stasiewicz et al., 1997] .
Conclusions
We have presented the common but previously unreported substorm related phenomenon of asymmetric, multiple auroral arcs. Mapping of the spacing of these arcs to the higher ionosphere and magnetosphere suggests that finite electron inertia plays a role in the formation of these types of arcs. Mode conversion to inertial Alfvén waves, possibly in association with FLRs, gives a promising explanation of the arc structure. Nevertheless a number of other mechanisms are plausible, including those presented in our discussion.
